A 6.1-MV, 790-kA laser triggered gas switch (LTGS) is utilized to synchronize the 36-modules of the Z-machine at Sandia National Laboratories. The switch is ~81-cm in length, 45-cm in diameter, and is immersed in transformer oil. The switch is pulse-charged from a 780-kJ, 6-MV Marx generator in 1.4-µs. Closure of the switch allows energy stored in a 24-nF intermediate-store water capacitor to flow into subsequent pulse-forming stage. The entire system (36-modules) generates a ~70-TW at the present system operating level, but after near term improvements are complete, this level will increase to ~100-TW.
I. INTRODUCTION
Terawatt and petawatt class z-pinch accelerators require nanosecond synchronization of multiple megampere pulsed power drivers arranged in parallel [1] . The general architecture of these drivers consists of parallel stages of energy storage and switching for spacial and temporal energy compression, achieving very high power densities to loads of interest.
In a conventional large pulsed power system there are several stages of energy storage coupled by dielectric switches. Examples of such systems at Sandia National Laboratories include PROTO II [2] , SATURN [3] , PBFA II [4] , and Z [5, 6] . In conventional accelerator architecture, the multi-megavolt, megampere gas switch historically constrains the reliable operation, performance, and maintenance of the system. The gas switch must hold off system voltage for ~1.4-µs, switch with nanosecond precision, and conduct full module current. It is the last command-fired device in the system, which makes it the predominant device that allows the system to be flexible for various experimental campaigns. There is a compromise between increasing the size of the switch to operate more reliably in the megavolt regime (operate at lower electric fields) while minimizing its inductance (length). There is, therefore, inherent tradeoff between providing flexibility in the design of the device for multiple operating points, and having sufficient reliability at the highest possible operating voltage and current of the system.
The required operating level for the gas switch for the refurbished Z increased 25% during the initial design effort with no allowable increase in the physical footprint or inductance of the device. This manuscript details the development and scaling of a 5.4-MV laser triggered, sulfur-hexafluoride (SF 6 ) filled gas switch to a reliable operating level at 6.1-MV for utilization on the recently refurbished Z pulsed power driver depicted in Fig. 1 . The original 5.4-MV design is detailed elsewhere [7] .
II. THE MULTI-STAGE LASER TRIGGERED GAS SWITCH
The laser triggered gas switch designed for the refurbished Z accelerator evolved from the Rimfire gas switch first implemented on Hermes III [8, 9] . The modified LTGS presently utilized for the refurbished Z is depicted in Fig. 2 . It is comprised of two series switches; a laser triggered portion, and a self-closing portion, called the cascade portion. The voltage impressed across the trigger gap during charging accounts for ~15% of the total voltage across the switch. The laser utilized for each of the 36 switches produces 35-mJ at 266-nm (frequency quadrupled Nd:YAG) with a 4-ns FWHM beam. The beam is focused into the trigger portion of the switch with a 50-cm singlet coated with magnesium fluoride. The total energy that arrives at the switch with pristine optics is 20-mJ, or ~60% of the energy at the output of the laser head. [10] .
The fixed focal length lens produces an ionized channel that electrically shorts a portion of the trigger gap, distorting the electric field, causing the gap to close. For the empirically discovered optimum ratio between focal length and gap length of the trigger section [7, 11] , the runtime, or time between laser spark initiation and electrical closure of the gap is ~10-ns with less than 1-ns jitter. The laser, beam path, trigger section gap distance, and electrode geometry utilized for 5.4-MV switch is the same as for the modified switches for 6.1-MV operation presented in this article.
The trigger and cascade sections share the same volume of SF 6 gas. Therefore, the peak electric field should not be significantly mismatched between the sections otherwise the switch will not be optimized for either low prefire rate or low jitter. The cascade section has 22 individual gaps of varying length to maintain a uniform peak field in all gaps. The axial peak field along the outer edge of the cascade electrode is 208 ± 6-kV/cm for 6.1-MV operation. When the trigger gap closes, there is an increase in peak electric field of 60% from 208-kV/cm to 325-kV/cm for a 6.1-MV charge in the adjacent cascade gap. The capacitive coupling between the trigger plate and the cascade electrodes distributed the voltage over approximately half the cascade gaps. The field profiles for the charge and triggered phase are depicted in Fig. 3 . The runtime, or time between electrical closure of the trigger section and electrical closure of the cascade section, is ~30-ns with less than 6-ns jitter, 50% of which is attributable to the closure of the first cascade gap adjacent to the trigger section. The test-module differs from a Z module in several critical ways. Late-time (time after triggering of the gas switch) electrical resonance of the system was not replicated because of the test-modules termination into a matched resistive load. The termination to an undermatched inductive load in the actual machine increases the total coulomb transfer of the gas switch by more than a factor of 2. The dynamic mechanical stresses caused by the expanding shock-wave produced by the 252 water switches in Z's pulse-forming section and its interaction with the tank walls and tank floor were not replicated in the test-module. The SF 6 gas purge system installed on the test-module purged switches much faster and with greater turbulence than the system initially installed on the refurbished Z. Finally, since the accelerator was refurbished in place, there was significant construction debris that was not totally mitigated or removed before operation of the system [12] . Each of these factors proved challenging in transferring the stable operating point of the LTGS from the test module to Z.
After 6 months of Z operation, performance of the system of 36 switches was substantially worse than the measured performance on the test-module despite utilization of the exact switch design (the same electrical and mechanical design requirements were utilized between the two systems, including materials, and cleaning and handling protocols). The performance difference between the 5.4-MV LTGS design tested on Z 20 and the initial deployment of the same design in 36 modules on Z is summarized in the first two columns of Table 1 . The design details of the initially deployed switch (column 1) are described in detail by LeChien and colleagues [7] .
We identified several design issues that were addressed to improve reliability in the harsher environment of Z. They are: (i) utilizing a robust trigger material for megampere pulsed current operation and high coulomb transfer; (ii) eliminating long, monolithic insulating surfaces to increase the probability of flashover survival and therefore increase the required replacement interval; (iii) relieving design constraints on electric fields at metal-plastic-gas triple points that resulted in increased fields in the bulk gas in proximity to insulators; (iv) implementing contoured insulator geometries and monomer acrylic resin insulator material to mitigate flashover; (v) increasing resilience to mechanical impact, and; (vi) implementing an immediate and turbulent gas purge after a shot. Each item was integral to improving performance to meet the requirements of the LTGS at the 6.1-MV level. These improvements are summarized in the following section.
IV. DESIGN MODIFICATIONS FOR RELIABLE 6.1-MV OPERATION
There are two major electrical failure modes for the baseline switch fielded on the refurbished Z. They are (i) insulator flashover, leading to prefires and to imminent switch replacement, and; (ii) undesired bulk breakdown due to severe electrode erosion, leading to prefire. Modifications to the original 5.4-MV switch design over several rolling upgrades decreased switch jitter by a factor of 3 (from 17-ns to 6-ns), decreased random flashover rate by a factor of 35 (from 7% to less than 0.2%), decreased the prefire rate by a factor of 30 (from 3% to less than 0.1%), and increased the switch replacement interval by at least a factor of 5 (from ~10 shots to greater than 50) at a peak operating level of 6.1-MV. The specifics of these modifications are described in the following sections.
5.4-MV
A. Reducing flashover of zero-degree, monolithic, slurry-cast acrylic insulators
Under pristine operating conditions, a straight (zerodegree) insulator has the highest probability of withstanding electrical flashover in compressed SF 6 [13] . In reality, eroded electrode material and metal vapor are increasingly deposited on the insulator surface with each subsequent discharge, resulting in continuously worsening surface condition. To mitigate total insulator flashover, it is logical to both reduce the likelihood of collecting debris in a manner that is conducive to significantly reducing the surface resistivity, and, in the event of streamer initiation, reduce the likelihood of total switch closure.
Four modifications were implemented to increase the electrical robustness of the outer housing insulator: (i) the monolithic insulator was parted into shorter segments; (ii) the flat insulator surface was contoured to increase flashover length and encourage physical debris separation; (iii) the insulator acrylic material was changed from a heterogeneous slurry acrylic compound to a homogeneous monomer acrylic resin, and; (iv) an immediate and turbulent purge was instituted to remove debris as quickly as possible from the switch.
The benefit of segmenting a monolithic insulator for this application is threefold: (i) there is reduced likelihood that a flashover will result in a switch prefire since only a portion of the total insulator may electrically close if a single segment flashes; (ii) a short segment flashing will only marginally distort the electric field grading along the cascade electrode stack, and; (iii) for any given flash that may occur, less insulator damage is likely thereby increasing the probability of the switch surviving subsequent shots. A segmented insulator design was implemented in the mega-volt gas switches for the HERMES III [8, 9] PBFA I [14] , PBFA II [15] [16] [17] , and Z accelerators.
Dividing the insulator into smaller segments confines a discharge to a smaller fraction of the entire insulator length. The baseline design proportions ~15% of the total switch voltage in the trigger section. It is observed that when a trigger section insulator flashes, the cascade section does not necessarily flash. For this reason, the monolithic cascade insulator was partitioned into 5 equal segments each with ~15% of the switch voltage. For the segmented insulator, the energy stored between two subsequent segmenting rings is ~20% of a monolithic insulator, and thus less damage is incurred in the event of a flashover.
If a single cascade section flashes during the charge phase, a prefire will only be avoided if the resulting disturbance to the uniformly electrically graded cascade electrode stack is not significant enough to cause closure of the cascade stack. The ratio of the radii between the inner surface of the housing insulator to the outer edge of the cascade electrode stack is 1.71. Under these conditions a single insulator flashing increases the fields in the cascade section by 18%, increasing the probability of switch prefire an order of magnitude from 0.1% to 2% (as calculated utilizing self-break statistics for the cascade section under normal operating conditions). A 2% probability of cascade stack prefire is significantly less than certain prefire due to total insulator flashover.
A scalloped insulator shape is utilized to increase the insulator surface length and inhibit the formation of long chains of debris along the surface. This type of feature is commonly utilized in the commercial power industry and has been observed to increase the flashover strength compared to a contaminated zero-degree insulating surface in SF 6 [18] and has been observed to be better in contaminated pulsed power applications [19] .
The shape of the contour utilized in each segment of the cascade section is given in Fig. 4 . This shape increases the insulator surface length by a factor of ~2.25 compared to a zero-degree insulator. The contoured insulator acts as a dielectric lens which reduces the component of the electric field that is tangential to the surface and increases the component orthogonal to the surface as depicted in Fig. 5 . Though the average electric field must be the same for a contoured insulator as for a zero-degree insulator, it is the tangential field that is capable of driving a streamer along the surface between the segmenting rings so reducing the tangential component reduces the probability of total insulator flashover.
Monomer cast acrylic material has been observed to have a holdoff strength as much as a factor of 2 better than slurry cast acrylic [20] . Though it is more expensive than slurry cast acrylic, frequent gas switch refurbishment is considerably more expensive. Monomer cast insulators are presently utilized for the trigger housing and will shortly be utilized for cascade housings as well. One of the most significant system modifications that improved gas switch performance was the addition of a fast and turbulent gas purge after a discharge. Gaseous byproducts, metal vapor, and metal particulate are detrimental to the integrity of an insulating surface. On the initial Z system at 3.17 bar (46 psia), a switch-volume (50-L) was purged in ~30-s with two switch-volumes purged in 80-s. In the improved system, centrally controlled valves for each switch purge a switch-volume in ~7-s, with more than 3 switch-volumes purged in ~60-s. The delay from electrical discharge to the start of a purge cycle decreased from 5-s to 1.5-s with the improved system. The system is presently configured for the most rapid and turbulent purge possible given the fixed infrastructure. Care is taken to ensure the system SF 6 has dew point of no more than -70•-C. All switch gas is passed through oil absorbers reducing oil contamination to less than 5-ppm. All SF 6 gas is filtered through 0.5-µm particulate filters before entering the switch.
B. Reducing bulk gas prefire rate in the trigger section A 90% tungsten particulate, 10% infiltrated copper, called Elkonite 50W3 was tested to 106 shot at 6.1-MV on Z 20 , after which trigger section self-break tests were conducted. The average breakdown voltage is 53% higher with this material than with a switch tested utilizing 68% tungsten particulate, 32% infiltrated copper called CW70E (CW70E was utilized in the initial LTGS design [7] ). The statistically calculated 0.1% prefire operating point is ~7.6-MV when utilizing 50W3. When comparing scanning electron microscope images between 50W3 and CW70E it is apparent that the 50W3 exhibits minor fracturing, but with the copper matrix remaining intact while the CW70E exhibits large voids of melted copper and liberated tungsten. Similar performance was observed when utilizing a 90% tungsten, 10% infiltrated copper made by Wah Chang, a supplier of specialty metal alloys.
V. LTGS PERFORMANCE ON Z
The ratio between the overstress electric field E c in the first cascade gap and the operating pressure p determines the closure time (or runtime) and the jitter of the switch upon triggering. A plot of this relationship for several Z shots is plotted in Fig. 6 . For E c /p > 105, the prefire rate become unacceptably high and for E c /p < 95 the jitter becomes unacceptably high. This represents a ± 5% window in which the switches performance is acceptable, though variance of only a few percent heeds a measureable change in an individual switches characteristic jitter and runtime.
Since there is only one Marx charging supply for the system, the desire to have variable pulse shape resides in the careful control of pressure in the gas switches since some lines are triggered earlier than others (at lower voltage). A comparison of MITL current and gas switch closure time for a pulse-shaped shot (~300-ns risetime) to that of a short pulse shot (~100-ns risetime) is depicted in Fig. 7 . For a short-pulse shot ideally all gas switches close at the same time for maximum load current and minimal pre-pulse. For the present individual gas switch failure rate of less than 0.1%, gas switch jitter is ~6-ns, providing a load current jitter of ~1-ns (6/36 0.5 ). For a shaped current pulse, operating pressure is set to maintain a 6-ns individual switch jitter. A system of computer controlled regulators at each switch allows careful monitoring to 
VI. FUTURE WORK
Gas switch jitter accounts for approximately 66% of the overall machine jitter. Reducing switch jitter is the focus of present research efforts. We are pursuing a modification to the most recent design to increase the fraction of voltage in the trigger section, thus increasing over-stress wave applied to the cascade section to reduce its jitter. We are also pursuing a new switch design to reduce the switch jitter by an additional factor of 2 while decreasing the random failure rate for an operating level of 6.5-MV and 800-kA, peak. Figure 7 . MITL current pulse shapes as a function of gas switch closure time.
